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Hyper-activated motility (HAM)In order to fertilize the oocyte, sperm must undergo a series of biochemical changes in the female reproduc-
tive tract, known as capacitation. Once capacitated, spermatozoon can bind to the zona pellucida of the egg
and undergo the acrosome reaction (AR), a process that enables its penetration and fertilization of the oocyte.
Important processes that characterize sperm capacitation are actin polymerization and the development of
hyper-activated motility (HAM). Previously, we showed that Phospholipase D (PLD)-dependent actin poly-
merization occurs during sperm capacitation, however the role of this process in sperm capacitation is not
yet known. In the present study, we showed for the ﬁrst time the involvement of PLD-dependent actin poly-
merization in sperm motility during mouse and human capacitation. Sperm incubated under capacitation
conditions revealed a time dependent increase in actin polymerization and HAM. Inhibition of Phosphatidic
Acid (PA) formation by PLD using butan-1-ol, inhibited actin polymerization and motility, as well as in vitro
fertilization (IVF) and the ability of the sperm to undergo the AR. The inhibition of sperm HAM by low con-
centration of butan-1-ol is completely restored by adding PA, further indicating the involvement of PLD in
these processes. Furthermore, exogenous PA enhanced rapid actin polymerization that was followed by a
rise in the HAM, as well as an increased in IVF rate. In conclusion, our results demonstrate that PLD-
dependent actin polymerization is a critical step needed for the development of HAM during mouse and
human sperm capacitation.
© 2011 Elsevier Inc. All rights reserved.Introduction
Mammalian spermatozoa are unable to fertilize the oocyte imme-
diately after ejaculation. The spermatozoa must ﬁrst undergo a series
of biochemical transformations in the female reproductive tract col-
lectively called capacitation. Once capacitated, spermatozoa can
bind to the Zona Pellucida (ZP) of the oocyte and undergo the acro-
some reaction (AR), a process that enables the sperm to penetrate
and fertilize the oocyte (reviewed in Yanagimachi, 1994). Recent
publication suggests that mouse sperm which undergo AR before
contact with the ZP can fertilize the egg (Jin et al., 2011). There is
no clearly recognizable marker to deﬁne capacitation; however, sev-
eral intracellular changes are known to occur including an increase
in cholesterol efﬂux, a rise in membrane ﬂuidity, increase in intracel-
lular Ca+2 concentration and others (reviewed by Breitbart, 2003 and
Visconti et al., 1995).
Two additional processes that occur during sperm capacitation are
actin polymerization and changes in swimming pattern. We showed
that actin polymerization occurs during capacitation of bull, mouse,
human and ram sperm (Brener et al., 2003). Actin polymerization ist).
rights reserved.a process in which units of globular actin (G-actin) connect one an-
other to create ﬁlamentous Actin (F-actin). Actin is present in the ac-
rosomal space, the equatorial and post acrosomal regions and in the
tail (Clarke et al., 1982; Fouquet and Kann, 1992; Ochs and Wolf,
1985; Virtanen et al., 1984). The presence of actin in the tail might
be important for the regulation of sperm motility, and its presence
in the head suggests the possible involvement of actin in sperm ca-
pacitation and the acrosome reaction.
It has been shown in several cell types that PLD is involved in the
regulation of actin cytoskeleton (Cross et al., 1996; Kam and Exton,
2001; Kusner et al., 2002). We showed elsewhere that PLD-
dependent actin polymerization is a necessary step in the cascade
leading to bull sperm capacitation (Brener et al., 2003; Cohen et al.,
2004). PLD is a ubiquitous enzyme widely distributed in various
mammalian cells including spermatozoa (Cohen et al., 2004; Garbi
et al., 2000). PLD hydrolyzes phosphatidylcholine to Phosphatidic
Acid (PA) and choline (Exton, 1999). PA can alter the activities of
many enzymes and proteins (Rizzo and Romero, 2002). When prima-
ry alcohol is present in the medium, PLD also forms rare phospho-
lipids, such as phosphatidylbutanol (Ptd-But), in a unique reaction
referred to as “transphosphatidylation”. In this case, PA production
is inhibited and the signal transduction through PLD is blocked.
PLD, as well as actin polymerization is also involved in regulating
cell motility (Kusner et al., 2002). Previous studies have shown that
155S.B.-S. Itach et al. / Developmental Biology 362 (2012) 154–161PLD activity is essential for actin localization and actin-based motility
in Dictyostelium (Zouwail et al., 2005). In addition, sperm motility is
critical to the ability of the sperm to fertilize the oocyte. During the
capacitation process, sperm change their motility pattern from pro-
gressive to hyper-activated motility (HAM) (de Lamirande and
Gagnon, 1993; Goodson et al., 2011). HAM is a movement pattern
characterized by asymmetrical ﬂagellar beating observed in sperma-
tozoa at the site and time of fertilization in mammals (Demott and
Suarez, 1992; Katz and Vanagimachi, 1980; Suarez et al., 1987), and
may be critical to fertilization success (Ho and Suarez, 2001). The
HAM may help spermatozoa swim faster and generate enough force
to penetrate cumulus cells and ZP during fertilization (Jin et al.,
2007). If HAM is prevented, fertilization cannot occur (Amieux and
McKnight, 2002).
Even though the role of PLD and motility is well established in so-
matic cells, the presence and the possible role of this enzyme in
sperm motility are not fully understood. Earlier studies in sperm
showed that F-actin is involved in sperm motility in guinea pig
(Azamar et al., 2007).
The objective of the present study was to investigate the role of
PLD-dependent actin polymerization in the development of HAM
during mouse and human sperm capacitation.
Materials and methods
Materials
Butan-1-ol was obtained from Frutarom Industries Ltd. Calcium
ionophore A23187 and protease inhibitor cocktail were obtained
from Cal-Biochem (San Diego, CA, USA). Capacitation medium, F-10
(Ham's) nutrient mixture with L-glutamine, was purchased from Bio-
logical Industries (Kibbutz Beit Haemek, IL).Goat anti PC-PLD1 (C-17)
and Donkey anti-goat IgG (H+L)-HRP conjugate were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). Donkey anti-goat
IgG (H+L)-Alexa Fluor 568 was purchased from Invitrogen (Oregon,
USA). Rabbit anti p-PLD1 (Thr 147) was purchase from Cell Signaling.
Other chemicals were obtained from Sigma.
Sperm preparation
Sexually mature male mice (C57BIxA.G) were sacriﬁced by CO2 as-
phyxiation. The pair of cauda epididymides and part of the vas defe-
rens were rapidly removed and minced on 0.5 ml HM medium in
modiﬁed Krebs–Ringer bicarbonate medium (Visconti et al., 1995).
The sperm were released from the epididymal lumen for 5 min at
37 °C. The medium was carefully collected and the cells were washed
by centrifugation (780×g, 5 min) in the same medium, and then left
for “swim-up” for 5 min at 37 °C. The motile fraction was carefully
collected, and the washed cells were counted and maintained at
37 °C until use.
Human semen was initially liqueﬁed. The semen was then loaded
on a Percoll's gradient (80, 40, and 20%) and centrifuged for 30 min at
6750 rpm at room temperature. The lower layer containing the sperm
was collected andwashed twice in Ham's F-10 and then recentrifuged
and then left for “swim-up” for 5 min at 37 °C. Themotile fraction was
carefully collected, and the washed cells were counted and main-
tained at 37 °C until use (only sperm preparations that contained at
least 70% motile sperm were used in the experiments).
Sperm capacitation — in vitro
Mouse epididymal sperm (1∗107 cells/ml) were capacitated by
incubation in capacitation HMB medium containing: 119.4 mM
NaCl, 4.8 mM KCl, 1.7 mM CaCl2, 1.2 mM MgSO4, 10 mM NaHCO3,
25 mM Hepes (pH 7.4), 25 mM sodium lactate, 5.56 mM Glucose,
0.001% Phenol Red, 10 IU/ml Penicillin, 3 mg/ml BSA. The cells wereincubated in this capacitation medium for 90 min at 37 °C with 5%
CO2 (Visconti et al., 1995).
Human sperm (1∗107 cells/ml) were capacitated by incubation in
capacitation medium (Ham's F-10) supplemented with 3 mg/ml BSA
for 3 h at 37 °C in 5% CO2 (Finkelstein et al., 2010).
Immunocytochemistry assay
For immunocytochemistry staining, sperm cells were spread on
microscope slides, air dried, ﬁxed in formaldehyde (2%) for 10 min,
dipped in 0.5% Triton X-100 in TBS for 30 min, and washed three
times at 5 min intervals with TBS. Nonspeciﬁc reactive sites were
blocked with TBS containing 5% BSA for 30 min at room temperature.
The cells were then incubated for 2 h with polyclonal anti PC-PLD1
antibody diluted 1:50 in 1% BSA at 37 °C. Next, the slides were
washed twice in TBS-T and once (5 min) in TBS. The bound antibody
was detected using anti-goat Alexa (1:50 in 1% BSA for 2 h incubation
at 37 °C), followed by washing once in TBS-T and twice with H2O at
5 min intervals and mounting in FluoroGuard Antifade Reagent
(BioRad Lab., Richmond, CA). Nonspeciﬁc staining was determined
by incubating the sperm without primary antibody, and no staining
was detected.
Fluorescence staining of actin polymerization
Sperm cells were spread on microscope slides. After air drying,
sperm were ﬁxed in formaldehyde (2%) for 10 min, dipped in 0.2%
Triton X-100 in TBS for 30 min, washed three times at 5 min intervals
in distilled water, air dried, incubated with Phalloidin-FITC (1 μM in
TBS) for 45 min, washed six times with H2O at 5 min intervals, and
mounted with FluoroGuard Antifade (BioRad Lab., Richmond, CA).
Microscopy
All images were captured using an Olympus AX70 microscope at a
magniﬁcation of ×400. The microscope was equipped with Olympus
DP50 digital camera and by “Viewﬁnder Lite” software (version 1
from Pixera Corporation). All ﬂuorescence determinations were
done under nonsaturated conditions. Each experiment and staining
were done on the same day, and the sperm were photographed with-
in 24 h to reduce the loss of ﬂuorescence. All cell preparations from a
single experiment were photographed in the same session and at the
same exposure time. The ﬂuorescence intensity was quantiﬁed using
“Image J” software. For actin polymerization determinations, all ex-
periments were carried out in duplicates and at least 100 cells (5–7
pictures) per slide were quantiﬁed for cell ﬂuorescence intensity.
Motility measurements in CASA device
Calibration of the measurements: The percentage of sperm pre-
senting hyper-activated motility was carefully calculated by eye ob-
servation using light microscope. The CASA measurements were
calibrated according to these determinations.
Sperm cells (1∗107 cells/ml) were incubated in capacitation me-
dium. Samples (5 μl) were placed in standard count four chamber
slide (Leja, Nieuw-Vennet, Netherlands) and analyzed by CASA (Com-
puter-Aided Sperm Analysis) device with IVOS software (version 12,
Hamilton-Thorne Biosciences). Up to ten sequels, 10 s long, were ac-
quired for each sample. Cells were analyzed according to parameters
identifying mouse sperm motility. The proportion of hyper-activated
(HAM) spermatozoa in each sample was determined using the SORT
function of the CASA instrument. HAM was deﬁned by curvilinear ve-
locity (VCL) >90 μm/s, linearity (LIN) b20% and an amplitude of lat-
eral head (ALH) >7 μm (Mortimer et al., 1998; Nassar et al., 1998).
In human sperm, HAM was deﬁned by VCL >100 μm/s, LIN b60%
and ALH >5 μm (Almog et al., 2008).
Fig. 1. Expression, localization and activation of mouse sperm PLD1. A. Protein immu-
noblot of PLD1 in mouse sperm. Total sperm proteins were extracted with SDS lysis
buffer, separated on SDS-PAGE, transferred to nitrocellulose, and immunoblotted
with anti-PLD1 polyclonal antibody (1:500). The blot shown is representative of
three separate experiments. B. Mouse sperm cells were ﬁxed and stained with anti-
PLD1 polyclonal antibody (1:50 dilution), followed by Alexa-conjugated goat anti-
rabbit IgG (1:50 dilution). Staining can be observed in the tail and in the acrosomal re-
gion. Nonspeciﬁc staining was determined by incubating the sperm without primary
antibody, and no staining was detected (not shown). C. Activation of PLD1 in mouse
sperm. Immunoblot analysis was performed as described in Materials and methods
using anti-phospho-PLD1 polyclonal antibody (Thr147) (1:1000) and with anti-PLD1
polyclonal antibody (1:500). The blot shown is representative of three separate
experiments.
156 S.B.-S. Itach et al. / Developmental Biology 362 (2012) 154–161IVF (in vitro fertilization)
Female (C57BlxA.G) mice 6–8 weeks old were superovulated with
5 IU of PMSG (Pregnant Mare's Serum Gonadotropin) followed at a
48 h interval by 5 IU of hCG (Human Chorionic Gonadotropin), and
sacriﬁced between 12 and 17 h after the hCG injection. Oocytes
were liberated from the ampullae into M16 medium. Epididymal
sperm from one mouse (1∗107 cells/ml) were prepared and capaci-
tated as described. Sperm were added at 1×106 cells/ml and were in-
cubated in 100 μl droplet (on average 15–25 oocytes were present in
each droplet for each experiment) and incubated at 37 °C in 5% CO2
for 24 h. Then, the oocytes were examined under ×50 magniﬁcation
of the dissecting microscope to determine the number of 1-cell and
2-cell embryos present.
Acrosome reaction
Calcium ionophore A23187 or ZP (Zona Pellucida) was added to
capacitated mouse sperm for 20 min (in human sperm, A23187 was
added for 60 min). After the incubation, sperm cells were spread on
microscope slides, air dried and ﬁxed in methanol for 15 min, then
washed once in TBS and twice in distilled water at 5 min intervals,
air dried and then incubated with PNA (lectin from Arachis hypo-
gaea)-FITC (25 μg/ml in TBS) for 30 min. For human sperm PSA
(Pisum sativum agglutinin)-FITC (60 μg/ml in TBS) was used. The
slides were washed twice with H2O for 5 min, and then mounted
with FluoroGuard Antifade (BioRad Lab., Richmond, CA).
For each experiment, at least 150 cells per slide on duplicate slides
were evaluated (a total of 300 cells per experiment). Cells with green
staining over the acrosomal cap were considered acrosome-intact;
those with equatorial green staining or no staining were considered
acrosome-reacted.
Preparation of Zona Pellucida (ZP) from ovarian oocytes
ZP were prepared from homogenized mice as described by Bleil
and Wassarman (1986). Brieﬂy, large numbers of ZP (5–20×103)
were isolated by Percoll's gradient centrifugation of ovarian homoge-
nates. Ovaries dissected from 20 to 30 mice (21 d old) were homoge-
nized on ice in 4 ml of buffer (25 mM triethanolamine, pH 8.5,
150 mM NaC1, 1 mM MgC12 and 1 mM CaCl2) containing 1 mg
DNase and 1 mg hyaluronidase. The homogenate was brought to 1%
Nonidet P-40 and 0.1 mM phenylmethylsulfonyl ﬂuoride and sub-
jected to about 10 more strokes of the pestle. The homogenate was
then brought to 1% deoxycholate, mixed with 9 ml of homogenization
buffer containing Percoll (72%) in a seal-cap tube, and centrifuged at
25,000 rpm for 45 min at 4 °C. Under these conditions, ZP appeared
as a narrow, opaque band at a density of −1.02 g/ml.
Immunoblot analysis
Sperm lysates were prepared by the addition of lysis buffer con-
taining: 6% Sodium Dodecyl Sulfate (SDS); 1 M Tris–HCl (pH 7.5);
1 mM sodium orthovanadate; 1 mM benzamidine; 50 mM sodium
ﬂuoride; 0.1 M sodium pyrophosphate; 1:100 protease inhibitor
cocktail; 1 mM phenylmethylsulfonyl ﬂuoride (PMSF) and the mix-
ture was vortexed vigorously for 10 min. Lysates were then centri-
fuged for 10 min at 10,000×g at 4 °C. Sample buffer (×2) was
added to the supernatant and boiled for 5 min.
The extracts were separated on 10% SDS-PAGE and blotted to ni-
trocellulose (Laemmli, 1970). Western blotting, nitrocellulose mem-
branes were blocked with 1% BSA in Tris-buffered saline, pH 7.6 and
containing 0.1% Tween 20 (TBS-T), for 30 min at room temperature.
PLD1 was immunodetected using polyclonal anti-PC-PLD1 diluted
1:500. The membranes were incubated overnight at 4 °C with the pri-
mary antibody. Next, the membranes were washed three times withTBS-T and incubated for 1 h at room temperature with speciﬁc Horse-
radish Peroxidase (HRP)-linked secondary anti-goat antibody (Santa
Cruz, CA) diluted 1:1000 in TBS-T. The membranes were washed
three times with TBS-T and visualized by enhanced chemilumines-
cence (Amersham, Little Chalfont, UK).
Statistical analysis
Data are expressed as means±SD of at least three experiments.
Statistical signiﬁcance was assessed between groups using the Stu-
dent's t-test, and differences of pb0.05 were considered signiﬁcant.
Results
Expression, localization and activation of mouse sperm PLD1
In a previous study we demonstrated the presence of PLD1 in bo-
vine sperm, localized mainly in the acrosome region of the sperm and
in the principal piece of the tail (Garbi et al., 2000). Here we extend
this ﬁnding to mouse sperm, demonstrating the presence of the
120 kDa PLD1 using western blot analysis (Fig. 1A). A cytochemistry
study using anti-PLD1 antibody revealed strong staining mainly in
the sperm acrosome region and in the principal tail region, whereas
relatively weak staining was seen in the midpiece (Fig. 1B). The pres-
ence of PLD1 in the acrosome region suggests its possible involve-
ment in the acrosome reaction, while its presence in the tail
suggests a possible role in sperm motility. Moreover, we examined
the activation of PLD1 using anti-phospho-PLD antibody known to
detect activation of PLD1 by Protein Kinase Cα (PKCα) (Kim et al.,
2000). PLD1 phosphorylation/activation was enhanced during
mouse sperm capacitation (Fig. 1C). Similar results regarding PLD1 lo-
calization and activation in capacitation are observed in bovine sperm
as well (Cohen et al., 2004; Garbi et al., 2000), suggesting its involve-
ment in sperm capacitation.
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To further support this point, the capacitation state of the sperm
was determined by following the ability of the mouse sperm to un-
dergo the acrosome reaction (AR). The AR in capacitated cells was in-
duced by the Ca2+ ionophore A23187 or by isolated mouse oocyte
Zona Pellucida (ZP), the physiological inducer of the AR. In order to
test the involvement of PLD, we made use of the ability of a primary
alcohol butan-1-ol to act as a preferential nucleophilic acceptor in
the PLD-catalyzed transphosphatidylation reaction, thereby blocking
the formation of free Phosphatidic Acid (PA), the product of PLD
(Cohen et al., 2004). The AR induced by ZP or by A23187, was
signiﬁcantly inhibited (80%) when cells were incubated under
capacitation conditions in the presence of butan-1-ol (Fig. 2A). TheFig. 2. PLD-dependentmouse spermcapacitation. A. Butan-1-ol inhibits AR induced by the
Ca+2 ionophore A23187 or ZP (Zona Pellicuda) during mouse sperm capacitation. Mouse
spermatozoa were incubated in capacitation medium (HMB) for 90 min with or without
butanol (0.5%v/v). At the end of the incubation, the AR inducers, A23187 (10 μM) or ZP
(~0.22 ZP/ml) were added for an additional 20 min of incubation. The percentage of acro-
some reacted cellswas determinedwith PNA-FITC, as described inMaterials andmethods.
The percentage of spontaneous acrosome-reacted cells at the end of the 110 min incuba-
tion (18%) was subtracted to obtain the induced percentage. Effect of butan-1-ol after ca-
pacitation— capacitatedmouse spermwere incubated for 20 min with or without butan-
1-ol (0.5% v/v). At the end of this incubation, A23187 (10 μM)was added for an additional
incubation of 20 min. The percentage of acrosome reacted cells was determined with
PNA-FITC, as described inMaterials andmethods. Thedata represent themean±SDof du-
plicates from three experiments. * represents signiﬁcant difference compared with
A23187 control, Pb0.05. ** represents signiﬁcant difference compared with ZP control,
Pb0.05. but = butan-1/2-ol. B. Butan-1-ol inhibits IVF rate, while PA enhances IVF.
Mouse spermatozoa were incubated in capacitation medium (HMB) with or without
butan-1-ol (0.5% v/v) or PA (Phosphatidic Acid) (3 μg/ml) for 90 or 3 min, respectively.
At the same time, oocytes were removed from mice to fertilization medium (M16). At
the end of sperm incubation from one mouse, the sperm were added to the oocytes and
incubated for 24 h and the oocyte divisions were counted. Butan-1-ol was not toxic to ei-
ther oocytes or control sperm (not shown). Left – (control) – Untreated sperm added to
the oocyte, value 58%. Right – (control) – Untreated sperm added to the oocyte, value
34%. The values represent the mean±SD of duplicates from three experiments. * repre-
sents signiﬁcant difference compared with control, Pb0.05.
Fig. 3. PLD-dependent actin polymerization duringmouse sperm capacitation. A. Mouse
spermatozoa were incubated in capacitation medium with or without PA (3 μg/ml), CD
(Cytochalasin D) (20 μM) or butan-1/2-ol (0.5% v/v). Samples were taken out at differ-
ent times and actin polymerization in the cells was determined as described inMaterials
andmethods. B. Mouse spermatozoa incubated in capacitation mediumwith or without
PA (3 μg/ml), CD (20 μM), butan-1/2-ol (0.5% v/v) or PBS. The inhibition of actin poly-
merization by butan-1-ol could be restored by adding PA for 3 min. Actin polymeriza-
tion in the cells was determined as described in Materials and methods. The graph
shows actin polymerization in the head and tail of the sperm cells (head=44.08 and
tail=14.9). The values represent the mean±SD of duplicates from three experiments.
* represents signiﬁcant difference compared with control, Pb0.05.speciﬁcity of butan-1-ol was conﬁrmed by using the secondary alco-
hol butan-2-ol, which does not undergo PLD-dependent transpho-
sphatidylation and did not affect the AR (Fig. 2A). Moreover, butan-
1-ol did not signiﬁcantly affect the AR rate when added at the end
of the capacitation time (Fig. 2A — inset), suggesting that the capaci-
tation process and not the acrosome reaction itself is inhibited by
butan-1-ol. The involvement of PLD in sperm capacitation is further
supported by showing signiﬁcant inhibition (50%) of the in vitro-
fertilization (IVF) rate by butan-1-ol, and no signiﬁcant effect of
butan-2-ol (Fig. 2B — left). Moreover, addition of PA revealed signiﬁ-
cant rise (72%) in IVF rate, but only when the control rate of IVF was
relatively low (~30%) (Fig. 2B— right). No effect of PA on IVF rate was
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IVF rate in mice (Fig. 2B — left). These differences in baseline IVF rate
reﬂect the use of different mouse for each experiment. These results
clearly indicate that PLD mediates mouse sperm capacitation.
Actin polymerization during mouse sperm capacitation depends on PLD
activity
In a previous study, we showed that PLD-dependent actin poly-
merization is a necessary step in the cascade leading to bovine
sperm capacitation (Cohen et al., 2004). The capacitation process of
mouse spermatozoa in vitro requires approximately 90 min
(Visconti et al., 1995). In the present study, we found that during ca-
pacitation there is an increase in actin polymerization in the mouse
sperm head and tail (Fig. 3A, B). The increase in actin polymerization
was completely blocked by butan-1-ol (Fig. 3), suggesting the in-
volvement of PLD in this process. In addition, the secondary alcohol,
butan-2-ol did not affect actin polymerization signiﬁcantly (Fig. 3),
indicating the speciﬁcity of butan-1-ol. Furthermore, the addition of
PA to the sperm cells caused very rapid (3 min) enhancement of
actin polymerization (Fig. 3). Moreover, the actin polymerization in
the presence of butan-1-ol after 90 min, could be restored by adding
PA (Fig. 3B), further indicating the speciﬁcity of butan-1-ol for PLD ac-
tivity, as well as the participation of PLD in the polymerization pro-
cess. The actin polymerization assay using phalloidin was validated
by adding Cytochalasin D (CD), a known inhibitor of actin polymeri-
zation (Cooper, 1991), that caused signiﬁcant reduction in the stain-
ing after 90 min of incubation (Fig. 3). In addition, we measured
actin polymerization in the head and in the tail, and the data showed
that the rate of actin polymerization during capacitation time was
two-fold higher in the head than in the tail during capacitation
(Fig. 3B). Incubation of cells under non-capacitation conditions (PBS
buffer) revealed no increase in actin polymerization (Fig. 3B), further
indicating that actin polymerization is a capacitation-dependent
process.
Sperm motility is mediated by PLD-dependent actin polymerization
It is known that during capacitation sperm develop hyper-
activated motility (HAM) (de Lamirande and Gagnon, 1993;
Goodson et al., 2011) and as we show before actin polymerization is
increased during capacitation. Therefore we hypothesized that the
sperm motility especially HAM depends on actin polymerization. In
order to conﬁrm this hypothesis, we gradually reduced actin poly-
merization rate by using increasing concentrations of butan-1-ol,
and followed the reduction in HAM under these conditions inFig. 4. PLD-dependent mouse sperm actin polymerization and motility. A. Actin poly-
merization is inhibited by butan-1-ol during capacitation. Mouse spermatozoa were ca-
pacitated for 90 min in the presence or absence of butanol at different concentrations.
Samples were taken out at different times and actin polymerization in the cells was de-
termined as described in Materials andmethods. The values represent themean±SD of
duplicates from three experiments. * represents signiﬁcant difference compared with
time zero control, Pb0.05. ** represents signiﬁcant difference compared with 90 min
control, Pb0.04. B. Hyperactivated motility (HAM) is inhibited by butan-1-ol during
mouse capacitation. Mouse spermatozoa were capacitated for 90 min in the presence
or absence of butanol at different concentrations. Samples were taken out at different
times and sperm motility was determined by CASA using the IVOS device. The HAM
was deﬁned by VCL >90, LIN >20, ALH b7. The inhibition of sperm motility by butan-
1-ol could be restored after 15 min, by adding PA (3 μg/ml) for 3 min. The values repre-
sent themean±SD of duplicates from three experiments. * represents signiﬁcant differ-
ence comparedwith control, Pb0.05. C. Spermmotility is inhibited by butan-1-ol during
capacitation. Mouse spermatozoa were capacitated for 90 min in the presence or ab-
sence of butanol at different concentrations. Samples were taken out at different
times, and sperm motility was determined by CASA using the IVOS device. The inhibi-
tion of sperm motility by butan-1-ol could be restored after 15 min, by adding
PA (3 μg/ml) for 3 min. The values represent themean±SD of duplicates from three ex-
periments. * represents signiﬁcant difference compared with control, Pb0.05.but =
butan-1/2-ol.mouse sperm. Butan-1-ol at 0.05% caused 50% inhibition in actin po-
lymerization (Fig. 4A and Table 1) and 54% inhibition in HAM after
30 or 60 min of incubation (Fig. 4B and Table 1). Under these condi-
tions there was no effect on total motility after 30 min and only 10%
inhibition after 60 min of incubation (Fig. 4C and Table 1). Using
0.1% butan-1-ol revealed 67% and 57% reduction in actin polymeriza-
tion in the head and tail respectively (Fig. 4A and Table 1), 77% inhi-
bition in HAM (Fig. 4B and Table 1) and 26% inhibition in total
motility (Fig. 4C and Table 1) after 30 or 60 min of incubation. At
higher concentrations of butan-1-ol (0.25%), there was complete in-
hibition of actin polymerization (Fig. 4A and Table 1), 85% and 100%
inhibition in HAM after 30 and 60 min, respectively (Fig. 4B and
Table 1) and 48% or 75% inhibition in total motility after 30 or
60 min, respectively (Fig. 4C and Table 1). Using 0.5% butan-1-ol
Table 1
Percent inhibition of actin polymerization and motility in mouse sperm. Inhibition of actin polymerization, hyper-activated motility and total motility was measured, following ad-
dition of butan-1-ol at different concentrations at the beginning of capacitation.
Actin polymerization
(% inhibition)
Hyperactivated motility
(% inhibition)
Total motility
(% inhibition)
Time (min) 90 30 60 30 60
but1 (0.05% v/v) 50 54 54 0 10
but1 (0.l% v/v) 67 77 77 26 26
but1 (0.25% v/v) 100 85 100 48 75
but1 (0.5% v/v) 100 100 100 83 100
159S.B.-S. Itach et al. / Developmental Biology 362 (2012) 154–161caused complete inhibition in actin polymerization during capacita-
tion (Fig. 4A and Table 1), 100% inhibition in HAM after 30 min
(Fig. 4B and Table 1) and 83% or 100% inhibition in total motility
after 30 or 60 min, respectively (Fig. 4C and Table 1). Interestingly,
0.5% butan-1-ol caused signiﬁcant reduction in the actin polymeriza-
tion in the tail, compared to the zero time control (Fig. 4A). No signif-
icant effect on sperm motility and actin polymerization was observed
by adding butan-2-ol in the high concentration 0.5% (Fig. 4A, B).
These data clearly suggest that HAM is more sensitive to actin poly-
merization reduction compared to the total motility which also de-
pends on actin polymerization (Table 1). Moreover, adding PA in
the presence of 0.5% butan-1-ol, resulted in a partial restoration
(about 50%) of HAM (Fig. 4B) or total motility (Fig. 4C), whereas in
the presence of 0.1% butan-1-ol there is complete recovery of HAMFig. 5. Actin polymerization and HAM. Effect of adding PA on the development of HAM
during mouse sperm capacitation. A. Actin polymerization in response to PA: Mouse
spermatozoa incubated in capacitation medium (HMB) with or without PA (3 μg/ml).
Samples were taken out at different times and actin polymerization in the cells was de-
termined as describe in Materials and methods. The values represent the mean±SD of
duplicates from three experiments. * represents signiﬁcant difference compared with
zero time control, Pb0.05. B. HAM in response to PA. Mouse spermatozoa incubated
in capacitation medium (HMB) with or without PA (3 μg/ml)/CD (20 μM) or in buffer
PBS. Samples were taken out at different times, and sperm motility was determined
by CASA using the IVOS device, as described in Materials and methods. The values rep-
resent the mean±SD of duplicates from three experiments. * represents signiﬁcant dif-
ference compared with zero time control, Pb0.05.by adding PA (Fig. 4B), further suggesting the dependence of sperm
motility on actin polymerization.
To further establish the role of PLD-dependent actin polymeriza-
tion in the development of HAM, we tested the effect of PA on these
two processes. The addition of PA to the sperm revealed a very fast
and signiﬁcant increase in actin polymerization within 3 min
(Fig. 5A) and increase in HAM after 10 min (Fig. 5B). Moreover, the
inhibition of actin polymerization by Cytochalasin D (CD) caused al-
most complete inhibition in the development of HAM (Fig. 5B). In ad-
dition, in order to show that this HAM is capacitation dependent, we
incubated the cells in non-capacitating buffer (PBS), in which there
was no increase in actin polymerization (Fig. 3B) or development of
HAM (Fig. 5B). All together, these data strongly suggest that actin po-
lymerization during capacitation is mediated by PLD and regulates
HAM.
In order to conﬁrm these results in a different species, we investi-
gated the correlation between actin polymerization and HAM in
human sperm. The data in Table 2 revealed an increase of actin poly-
merization during capacitation, as we showed before (Finkelstein et
al., 2010). The addition of butan-1-ol to the cells revealed signiﬁcant
inhibition of actin polymerization and HAM during capacitation, as
well as the AR (Table 2). As a control, we used butan-2-ol, and no in-
hibition was observed. Moreover, addition of PA to human sperm
caused a fast increase in actin polymerization (3 min) that was fol-
lowed by an increase in HAM (15 min) (Table 3).
Another way to affect actin polymerization is to induce its depoly-
merization by activating actin-severing proteins, such as gelsolin. A
recent study in our lab showed that activating the actin-severing pro-
tein, gelsolin, causes depolymerization in human sperm (Finkelstein
et al., 2010). Gelsolin severs assembled actin ﬁlaments, and caps the
fast growing plus-end of the resulting free ﬁlament in response to
Ca2+ ions. Phosphoinositides release gelsolin from actin ﬁlament
ends, providing sites for actin assembly (Gremm and Wegner, 2000;
Janmey and Stossel, 1987; Yin, 1987; Yin et al., 1980). In a recent pub-
lication we introduced the use of the permeable peptide PBP10-
rodamine, which consists of the gelsolin binding domain for PIP2
(4,5) (Finkelstein et al., 2010). This peptide causes fast release of gelso-
lin from its binding to PIP2 (4,5), resulting in its activation and break-
down of actin polymerization. Addition of PBP10 to the cells
decreased both sperm total motility and HAM (Fig. 6A–B). These
data further support the role of actin polymerization in the regulation
of sperm motility.
Discussion
In this study we show that PLD1 is present in mouse sperm
(Fig. 1A) and localized mainly along the tail and in the acrosome re-
gion (Fig. 1B), suggesting its possible involvement in motility and in
the acrosome reaction (AR). A similar result was previously shown
in bovine sperm (Garbi et al., 2000). Although the possible role of
PLD in AR process in bovine sperm capacitation is already investigat-
ed (Cohen et al., 2004), its possible function in sperm motility is not
yet known. Here we show for the ﬁrst time that PLD mediates
mouse and human sperm capacitation, as well as cell motility (Fig. 2
and Table 2). In other cells types, PLD1 appears to be localized in
Table 2
PLD-dependent human sperm actin polymerization and hyperactivated motility (HAM). Human sperm were capacitated in Ham's F-10 for 180 min with or without butanol (0.5%).
Samples were taken out at different times and actin polymerization in the cells was determined as described in Materials and methods. The HAMwas deﬁned by VCL >90, LIN >20,
ALH b7 as described in Materials and methods. At the end of the incubation, the Ca+2 ionophore A23187 (10 μM) was added for an additional 60 min of incubation to induce AR.
The percentage of acrosome reacted cells was determined with PSA-FITC staining. The percentage of spontaneous acrosome-reacted cells at the end of the 240 min incubation (21%)
was subtracted to obtain the induced percentage. The values represent the means±SD of three experiments using different donors.
Actin polymerization (ARU) Hyperactivated motility (%) Induced AR (%)
Time (min) 0 180 0 180 During capacitation After capacitation
Control 37.84±3.28 55.1±3.93 (#) 7.75±3.34 11.6±3.33 15.98±2.56 15.98±2.56
but1 (0.5% v/v) 36.56±1.28 20.95±3.94 (#) 7.52±0.5 0±2.11 (#) 1.42±0.11 (#) 14.03±2.41
but2 (0.5% v/v) 38.4±2.11 48.39±5.49 7.6±1.92 11.02±2.6 11.97±1.44 16.17±0.76
# represents signiﬁcant difference compared with control, Pb0.05.
Table 3
PA causes a fast increase in actin polymerization andHAMduring human sperm capacitation. Human spermwere capacitated in Ham's F-10 for 180 minwith orwithout PA (3 μg/ml).
Samples were removed at different times and actin polymerization/HAM in the cells was determined as described in Materials and methods. The values represent the means±SD of
three experiments using different donors.
Actin polymerization (ARU) Hyperactivated motility (%)
Time (min) 0 3 180 0 15 120 180
Control 37.84±3.28 38.2±0.66 55.07±3.93 7.75±3.34 9.33±3.7 10.87±3.69 11.6±3.33
PA (3 μ/ml) 38.5±1.43 52.29±3.01 (#) 79.8±5.49 (#) 7.1±4.56 14.75±2.68 (#) 19.37±1.89 (#) 16.23±0.7
# represents signiﬁcant difference compared with control, Pb0.05.
160 S.B.-S. Itach et al. / Developmental Biology 362 (2012) 154–161the Golgi or perinuclear vesicular structures (Exton, 2002), which are
known to be the origin of the acrosome (Peterson et al., 1992). Addi-
tionally, it was reported that acrosomal exocytotic process is very
similar to the transport of vesicles from the Golgi (Moreno et al.,
2000).Fig. 6. The effect of PBP10 on total and hyperactivated human sperm motility. A. Total
motility is inhibited by PBP10 during capacitation: Human sperm were capacitated in
Ham's F-10 for 180 min with or without PBP10 (1/5 μM). Samples were taken out at
different times, and total motility was determined as described in Materials and
methods. The values represent the means±SD of three experiments using different
donors. * represents signiﬁcant difference compared with control, Pb0.05. B. HAM is
inhibited by PBP10 during capacitation: Human sperm were capacitated in Ham's
F-10 for 180 min with or without PBP10 (1/5 μM). Samples were taken out at different
times and HAM was determined as described in Materials and methods. The values
represent the means±SD of three experiments using different donors. * represents sig-
niﬁcant difference compared with control, Pb0.05.We revealed here the involvement of PLD in mouse sperm capac-
itation, as was examined by following the effect of butan-1-ol on AR
and in vitro fertilization (IVF) rate. Butan-1-ol, inhibitor of PLD signal-
ing, signiﬁcantly inhibited both of these processes, but no effect by
butan-2-ol. Moreover, treatment of mouse sperm that represent rela-
tively low IVF rate with PA caused signiﬁcant enhancement in their
IVF rate (Fig. 2B).
We have previously shown that PLD-dependent actin polymeriza-
tion occurs during sperm capacitation and is required for the occur-
rence of the AR (Brener et al., 2003; Cohen et al., 2004). In the
present study we demonstrate that PLD mediates the actin polymer-
ization process in mouse and human sperm (Fig. 3, Table 2). It was
reported that PLD in other cells is involved in the regulation of actin
cytoskeleton that was inhibited by butan-1-ol (Cross et al., 1996;
Kam and Exton, 2001; Zouwail et al., 2005); this ﬁnding suits our
results.
Additionally, it has been reported that there is a connection be-
tween actin polymerization and cell motility in other cells type
(Bernheim-Groswasser et al., 2005; Carlier et al., 2003; Hotulainen
and Lappalainen, 2006). Earlier work in guinea pig sperm, showed
that F-actin is involved in sperm motility, and random severing of F-
actin ﬁlaments inhibits ﬂagellar motility (Azamar et al., 2007). In
the present study, we show for the ﬁrst time the involvement of
PLD-dependent actin polymerization in the development of hyper-
activated motility (HAM) in mouse and human sperm capacitation.
As we mentioned before, HAM is a unique sperm motility that ap-
pears during capacitation and is critical for fertilization; however,
the mechanisms leading to HAM are not clear. The requirement of
PLD for actin polymerization and HAM in mouse and human sperm
capacitation is based on the following data; ﬁrst, the increase in
actin polymerization and HAM was completely blocked by butan-1-
ol but not by butan-2-ol (Figs. 3, 4 and Table 2); second, exogenous
PA (the PLD product) enhanced actin polymerization and HAM very
fast and could partially restore the inhibition by butan-1-ol (Figs. 3,
5 and Table 3). We also showed that total sperm motility depends
on PLD activity (Fig. 4 and Table 1).
The involvement of PLD in actin polymerization and HAM (Fig. 4
and Table 2), and the fact that butan-1-ol does not affect the AR itself
(Fig. 2 inset), support its role in sperm capacitation. The butan-1-ol
dose-dependent inhibition of actin polymerization, and the higher
sensitivity of HAM to low concentrations of butan-1-ol compared to
161S.B.-S. Itach et al. / Developmental Biology 362 (2012) 154–161its effect on total motility (Table 2), and the complete recovery of the
inhibition of HAM by 0.1% butan-1-ol by adding PA (Fig. 4B), clearly
indicate that actin polymerization during sperm capacitation is a nec-
essary process for maintaining sperm HAM. Moreover, the basal actin
polymerization found mainly in the sperm tail before initiation of the
capacitation process is important for maintaining total motility, since
reduction of this level by 0.5% butan-1-ol blocked total motility
completely (Fig. 4A). The role of actin polymerization in maintaining
HAM as well as total motility is further supported by showing inhibi-
tion of motility by blocking actin polymerization using Cytochalasin D
(CD) (Fig. 5) or by activating the F-actin severing protein, gelsolin,
using the PBP10 peptide (Fig. 6). The addition of CD (Fig. 5B) or
PBP10 (Fig. 6) to the cells caused signiﬁcant inhibition in HAM. Kinet-
ic results revealed that the actin polymerization occurs prior to HAM
development, a fact which supports further the dependency of HAM
on actin polymerization (Fig. 5). Moreover, the addition of PA to the
cells caused fast and signiﬁcant enhancement in actin polymerization
that was followed by a rise in HAM (Fig. 5A, Table 2). Also, PA partially
restored the HAM inhibited by butan-1-ol (Fig. 4B). These results
strongly support our conclusions regarding the importance of actin
polymerization for the development of HAM.
In conclusion, the presented data conﬁrm our hypothesis that PLD
mediates actin polymerization, HAM and IVF, thus indicating its in-
volvement in sperm capacitation. Moreover, our data show for the
ﬁrst time that PLD-dependent actin polymerization is required for
the development of HAM during mouse and human sperm
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